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1.0 SUMMARY 

An Atnoapharlc Gnncral Circulation Bxpcrlnant (AGCB), which will nodal tha 
larga-acala clrculatlona of tha earth'a atnoaphara In hanlapharlcal gaonatry, 
hat bean propoaad for Spacalab fllghta. In thla axparlnant tha working fluid 
will ba hold batwaan two concantrlc apharaa and aubjactad to a radial alactrlc 
fiald In tha fom of a apharlcal capacitor. Tha pola~aquator taaparatura 
gradient and tha larga-acala vartlcal atablllty of tha atnoaphara will ba 
nodalad by aalntalnlng latitudinal ta^aratura gradlanta on tha apharaa and by 
nalntalnlng tha outar tphara wamar than tha Innar aphara. Tha rotation of tha 
aarth will ba nodalad by co-rotatlng tha apharaa. 

Much aophlaticatad laboratory nodaling of tha of facta of rotation and 
dlffarantlal heating on flulda haa prevloualy baan carried out in cylindrical 
gaoowtrlaa, and nuch haa baan learned which la relevant to the general 
circulation of the earth'a atnoaphera. However, thaae nodala have aerloua 
llnltatlona when attenpta are aade to extend their raaulta to the apharlcal 
geooMtry of the atnoaphere. The principal objectlvea of the AGCB ayatan are to 
exanlne (In the apherlcal model) the onaet of the wave-cyclone (barocllnlc) 
Inatablllty, the growth ratea and length acalea of thia Inatabllity, and tha 
atatlonary and tlna-dependent finite amplitude flowa achieved aa a conaaquenca 
of tha Inatablllty. 

Scientific theoretical dealgn atudlea for the AGCB have ahown that it will not 
be aaay to conatruct an apparatua In which the required barocllnlc Inatablllty 
can be realixed. Hardware for a alnllar apharlcal gaophyalcal fluid dynamic 
experiment la currently under development for MASA by the Aerojet General 
Corporation. Thla experiment, the Geophyalcal Fluid Flow Call (GFFC), la 
concerned with modeling convactlvely unatabla clrculatlona aa era found In 
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•tan. In the GFPC Che inner aphere will alvaya ba aalntalnad at a hlghar 
canperatura than tha outer aphan. 

Althoufh tha aclanca In ganaral and tha fluid dynaadd capabllltlaa In particular 
of tha GFFC axperlaant and tha AGCB are aaaantlally dlffaraut, tha entinaarlnt 
and tha hardware for both axparlaanta have auch In coraon. 

Thla atudy concantrataa on thoaa araaa of technology and daalgn which an unique 
to tha AGCE In order to aaaaaa ita faaalblUty. Tha toplca of conctrn for the 
faaalbillty atudy include tha aalaction of aatariala for tha axparlaant 
obaarvation, tharaal daaign to control axparlaant conditlona, axparlaant 
configuration for uaa on Spacalab and coat of laplaaantatlon. In aatabllahing 
tha daalgn for tha AGCE, GFFC daaign axparianca waa uaad whenever poaaibla. 

Tha raaulta of tha atudy clearly aatabllah the faaalbillty of tha AGCE aa a 
Spacalab flight axparlaent. Tha AGCB aa it night appear in a aingla axparinant 
rack la v "plctad in Figure 1.1-1 by a wooden nodal illuatrating tha nain 
•ubayatana. The axparinant nachanical aaaanbly in the lower poaition containa 
tha fluid call in a aealad nitrogen atnoaphara. Tha bulk of tha aaaoclatad 
alactronlca la in tha upper poaition. 

Tha ancloaura aubaaaanbly, Figure 1.1-2, la daalgnad to contain tha optical 
•cannar aaaanbly for data acquialtion, tha ultraviolet optical aaaanbly for dye 
narkar natrix generation and the cooling duct for tha thamoalactric nodule 
(TEM) located on tha pole of tha fluid call. 

Tha turntable aubaaaanbly. Figure 1.1-3, containa tha anjority of nachanical 
coaq>onanta required to parfom tha axparinant. 

Tha heart of tha AGCE in tha flow call aaaanbly ahown in Figure 1.1-3. It 
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rec«iv«d the aoat attention during the essessnent of the AGCB feaelbility. The 
Identification of appropriate fluids to be used to slaulate ataospheric 
circulation under the influence of gravity eiaulated by a radial electric field 
vmB one of the nost critical challenges in the study. Following a broad survey 
of fluids and fluid properties , several candidates eaerged with acceptable 
values for their dielectric constant, viscosity and power dissipation factor 
while still biing coupatible with useble photochronic dyes. The fluids, having 
dielectric constants above 40, are dinethylsulf ide (DMSO) and ir'tolunltrile. Two 
photochroaic dyes shown in the study to be coapatlble with these dielectric 
fluids are splropyran and triary Inethane. 

These conbinations of dielectric fluids and photochrosdc dyes should be adequate 
to produce baroclinlc instabilities using radial Electric potentials of less 
than IS kilovolts across a noainal 1 centiiaeter gap. The dot natrlx generated by 
the dye following its exposure to UV light should last for nore than sixty 
seconds thereby allowing tine for observations of the fluid flow dynamics. 

An Inportant aspect to the successful use of these fluids lies in the details of 
the purification process necessary to achieve a low dissipation factor of 0.002 
to nininixe fluid heating by the electric field. The Inplenentation of an 
adequate purification process was beyond the scope of the present study. The 
procedure for its development was defined, however. Available data on these 
fluids, although sparse, do indicate that acceptable properties are feasible 
when sufficient care is taken during purification and handling. 

The naterlal for the outer sphere of the flow cell was selected to be sapphire 
because of its optical transparency and good thermal conductivity for control of 
thermal gradients. Solid hemispheres with radii up to 4 centimeters are 
available with their optical axis within 5 degrees of the axis of rotation for 
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Ch« axparlMat. HtaixphvrM with radii up to 7.5 cantlMtars can ba aanufacturad 
with thair optical axla orthogonal to tha axla of rotation. In althaf caaoi tha 
affacta of blrafrlnganca froa tha aapphlra auat ba accoModatad by tha 
axparlaant althar during data collactlon by polarladtlon or data procaaalng by 
calibration of tha pradlctabla but changing optical affacta on tha datactad 
tharaal gradlanta. 

Tha Iraiar aphara of tha flow call aarvaa aa a apacular raflactor for tha data 
collactlon ayatan aa wall aa tha actlva thamal conttol for tha axparlnant. A 
coa>binatlon of alactrlc haatara placad 10 dagraaa apart on a narldlonal arc and 
tharaoalactrlc nodulaa (for cooling and haatlng) locatad at tha aquatcr and pola 
ara uaad to aatabllah tha llnaar thanaal gradlanta for tha axparlnant. Ualng 
avallabla cnlculatlona of fluid flow dynanlca, a thamal analyala waa parfomad 
ualng an axpllclt 53 noda nodal to aatabllah tha parfomanca raqulrananta for 
tha aphara'a haatara and coolara. Tha largaat cooling load la 9.5 watta on tha 
Innar aphara whila tha largaat haatlng load la 16 watta on tha outar aphara. 
Within thla operating range, all thamal caaaa of Intaraat can be acconnodatad. 
Heat exchange with tha external anvlronnent la acconpllahad by gaa flow within 
tha oxparloant aaaanbly and energy axchanga by co-rotatlng conductive flna. It 
la eatlnatad that 57 kllograna par hour of avlonlca air auppllad by tha Spacalab 
will ba aufficlant to handle tha 277 watt thamal load generated by tha flow 
call and Ita aaaoclated aqulpnant (l.a. power aupply, alactronlca, haatara, 
coolara, fan, etc.). 

Tha driving forca for tha circulation axparlnant la tha radial alactrlc field 
alnulatlng tha gravitational force of earth. Tha donlnant paranatara controlling 
tha nagnltuda of tha forca ara tha dielectric conatant for tha fluid and tha 
angnltuda of tha applied voltage. A Judicloua choice for «.ha conblnatlon of 
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Ch«t« two paraMtort can eaaa thair laplaMntatlon dlfflcultias. Tha atudy 
raaulta indlcata that flulda with dlalactrlc conatanta batwaan S and 40 can ha 
uaad aatlafactorlly with voltagaa laaa than 15 kllovolta. A IS kilovolt powar 
•apply (HVPS) waa daalgnad uilng a aarlaa raaonant circuit to aaat tha 
axparlaant raquiraaanta for control, atabillty and llnaarlty while oparatlng at 
a 300 Hz fraquancy. Tha HVPS, aa ahown In Flgura 1.1-3, fita on tha rotating 
•Kparinant tabla adjacant to tha flow call aaaaably. 

Operation at 300 Hz haa baan aalactad to ■iniad.ta tha aotion by partlclaa 
trapped within tha fluid. An on-line filtering aybtae haa baan incorporated into 
tha AGCE to alniiiize thair population. Any raaidual partlclaa eacaping tha 
filtering ayataa can diarupt through intaractlon with tha electric field tha 
obaarvation of tha flow af facta being sought in tha axparlaant. It haa bean 
obaarvad however that operation at or abova 300 Hz for tha alactric field 
adnlaizea tha notion that can be iaq>artad to a particle before tha field 
revaraad direction. Thu conbinatlon of filtering and AC fielda will reduce 
parturbationa fron a tray partlclaa. 

Tha obaarvation of the circulation affect a rallaa on tha generation of tiaa- 
•equantlal aapa of both fluid circulation and tharaal gradianta over 
•ubatantially a full haadaphare of tha rotating taat call that aodala tha 
aarth'a ataoaphera. Thia atudy haa ahown that tha aaaauraawnt requiraaenta of 
tha AGCE can be net by a relatively ainpla inatruaant uaing a flylng-apot 
•cannar. A prallninary daalgn haa been ahown capable of aurveying one haaiaphara 
of tha rotating taat call at a 1 dagraa reaolution over a 69 dagraa apan of 
latituda. Thia acannar can obaarve and aeaaura tha two non-radial coaponanta of 
tharaal gradlant in tha taat fluid with 0.01 dagraa C/cn reaolution at a aignal- 
to-nolaa ratio (SNR) of at laaat 6. Photochroaic aarkar dota can be obaarvad 
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slnultaneously vlth « SNR in the hundreds. The ssae detectors can also feed a 
closed circuit television (CCTV) display for the payload specialist, with a SNR 
in the hundreds. 

The flying-spot scanner is based on the nonocentrlc (Offner) relay. The optical 
path has been folded away froa the test cell itself, to avoid physical 
Interference. The folding mirror (or mirrors) has been chosen to be semi- 
reflective because it maximizes the scan angle and allows the scanning beam to 
pass through the test fluid almost radially. This is important for minimizing 
the volume of fluid Intercepted by the scanning beam and therefore maximizing 
the spatial resolution of the instrument. The monocentric relay is Implemented 
using a solid glass design assembly because it results in a smaller and more 
stable Instrument, is easier to realize the semi-reflective folding mirror as a 
burled-surface beamsplitter, and fresnel losses can be better controlled. The 
solid Offner relay has been designed to be achromatic over the normal visible 
spectrum. The nominal relay design has been based on the mid-image height (3.30 
mm) and the sodium D-llne (5893 angstroms). 

The rapid rotation rate (10,300 RHP) on the scanner head which is necessary to 
handle the cell rotating at its maximum rate of 3 rad/sec makes it impractical 
to attempt putting electrical power in or out of the head while in motion. The 
detector therefore can not be physically mounted on the scanner head. The 
solution selected is to use again Offner relays to put Images of source and 
detector onto the scanner head. The scanner head incorporates a fully reflective 
burled folding mirror that will rotate these images into the self -con Jugate 
plane. There they will function exactly as would physical sources and detectors. 
The only part that moves, now, is the small glass scanner head, which should be 
made syometrlcal for dynamic balance. Detectors considered for the allowed 
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detector conf iguretlon include the following: UPT PIN Spot/2D and Hughee HP IN 
lOOD, which are both available as chipe. The baaic deaign constraint ia the chip 
else to accowndate the loage height at the center of 3.30 aa and fit physically 
close to each other in a four quadrant arrangeaent . 

T? « ki^.sellne design was analysed to ascertain whether the iasge quality was 
uatis.actory and whether the sensitivities to theraal gradient and marker dot 
opacity are consistent with design goals. The image quality was assessed using 
ray tracing computational methods. Instrumental sensitivity was determined by 
photew stric analysis. The design has been shown through ray tracing to exhibit 
outstanding iasge quality and to yield a signal that is linear with thermal 
gradient over at least two decades of dynamic range. 

The fiylng-spot scanner instrument being fundamentally simple in deaign should 
be realizable at modest cost. Volume and weight will be small in comparison with 
the rest of the experlsKntal apparatus. 

Th< type and quantity of data to be generated by the AGCE played a key role in 
the selection ri the philosophy for experiment control and data handling. The 
AGCE diita, unlike that for the GFFC, are In electronic form and being generated 
at a relatively high rate. In a trade-off study between on-board electronic 
video recording and telemetry, telemetry was judged to be the better approach 
because it produced a simpler, less costly flight package and allowed for a more 
direct role c* the part of the principal investigator (PI) during the course of 
the flight. 

On-board recording not only requires a video recorder and interfacing circuitry 
but also suitable displays and controls for the payload specialist (PS) to 
assess and control performance. In flight form, this equipment adds 
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■ubatantially to the coat of the flight ayatMi and Mlnliilies PI involvMMnt* In 
contrast , teleaetry of axperlaent data to the Payload Operation Control Center 
(POCC) pemlts a shift in roles of the PI and PS such that the PI directly 
assesses and indirectly, via the PS, controls systea operation. Thus the 
teleaetry aode does not require on-board displays; rather these displays reside 
in the AGCE Ground Support Bquipaent (GSB) which can be used also in 
qualification and acceptance testing as well as for PI use st the POCC. 

This overall experiaent control and data handling philosophy is particularly 
well-suited to the nature of the iapleaentatlon scheae selected for the AGCE. 
The approach not only lowers the cost of the flight unit but aaxlaises the use 
of the GSE and provides a high level of direct interaction by the principal 
investigator which is a necessary ingredient in the conduction of a scientific 
experiaent . 

The feasibility study for the Ataospherlc General Circulation Experiaent (AGCE) 
exaained all of the technical areas critical to the successful lapleaentstion of 
the experiaent on Spacelab. The overall conclusion to be drawn froa the study 
results is that the AGCE is feasible for Spacelab %rlth no identifiable technical 
obstacle to block its successful coapletion. Furtheraore, the flexibility in the 
design paraaeters for the AGCE should be sufficient to perait good sensitivity 
in exploring the onset of baroclinlc instabilities for terrestrial ataospheres. 
Sufficient variability exists in design paraarters such as fluid dielectric 
constant, sphere cell diaaeter, experiaent cell gap, range of theraal control 
and applied high voltage to allow considerable flexibility in establishing the 
experiaent parameters. This flexibility can contribute significantly to 
adequately napping conditions controlling bsroclinic instabilities. The 
flexibility is further increased by the ability of the principal investigator to 


11 



receive, evaluate and react In real-tiae to the AGQE results. This ability for 
the PI Is achieved by the experinent control and data handling procedures 
selected for the AGCE. 

The configuration for the AGCE fits well within a single experinent bay rack and 
can effectively nate with the services required for Its operation. 

The reconmendatlons to be made lie principally in the realm of technical 
activities to insure a sound design with good performance margin. The 

recommendations of most significance are: 

a) It is highly recommended that the fluid purification and 

characterization program outlined in this study be completed early In 
the AGCE final hardware design effort; 

b) It Is highly recommended that a general tolerance and sensitivity 
analysis for the system be done to establish limits on performance 
expectation and provide a basis for cost effective allocation of 
fabrication tolerances; 

c) It Is recommended that polarization of light in the optical scanner 
system be given further attention for data processing to accommodate 
birefringence and rotation affects; 

d) It Is recommended that further Investigation be given to the selection 
and verification of heat transfer properties of materials; this Is most 
significant to achieving the predicted thermal control capability; 
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2.0 RESULTS OF THE AGCE FEASIBILITY STUDY 


2.1 BACKGROUND 


An Atnospheric General Circulation Experiment (AGCE), which will model the 
large-scale circulations of the earth's atmosphere in hemispherical geometry, 
has been proposed for Spacelab flights. In this experiment the working fluid 
will be held between two concentric spheres and subjected to a radial electric 
field in the form of a spherical capacitor. The pole-equator temperature 
gradient and the large-scale vertical stability of the atmosphere will be 
modeled by maintaining latitudinal temperature gradients on the spheres and by 
maintaining the outer sphere warmer than the inner sphere. The rotation of the 
earth will be modeled by co-rotating the spheres. 

Much sophisticated laboratory modeling of the effects of rotation and 
differential heating on fluids has previously been carried out in cylindrical 
geometries, and much has been learned which is relevant to the general 
circulation of the earth's atmosphere. However, these models have serious 
limitations when attempts are made to extend their results to the spherical 
geometry of the atmosphere. The principal objectives of the AGCE system are to 
examine (in the spherical laodel) the onset of the wave-cyclone (baroclinic) 
instability, the growth rates and length scales of this instability, and the 
stationary and time-dependent finite amplitude flows schieved ss a consequence 
of the instability. 

Scientific theoretical design studies for the AGCE hsve shown that it will not 
be easy to construct an apparatus in which the required baroclinic Instsbility 
can be realized. A fluid with a high dielectric constant, low dissipation 
factor, low viscosity and other specific properties is required. A relatively 
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large AC voltage is required. It has been found that dust particles In the fluid 
are agitated by the electric field and can In turn stir up the fluid. These dust 
particles must be removed. Observation of the flow over a latitudinal range of 
90° Is desired. Further, the observational and thermal requirements Imply that 
the outer sphere must be transparent and a good thermal conductor. It remained 
at the start of the study to determine If a suitable material of the required 
dimensions could be made. It Is the Intent of this AGCE feasibility study to 
examine these concerns before proceeding to an engineering flight hardware 
deelgn and fabrication contract. 

Hardware for a similar spherical geophysical fluid dynamic experiment Is 
currently under development for NASA by the Aerojet General Corporation. This 
experiment, the Geophysical Fluid Flow otll (GFFC) , Is concerned with modeling 
convectlvely unstable circulations as are found in stars. In the GFFC the Inner 
sphere will always be maintained at a higher temperature than the outer sphere. 

Although the science In general and the fluid dynamic capabilities in particular 
of the GFFC experiment and the AGCE are essentially different, the engineering 
and the hardware for both experiments have much In common. Thus wherever 
possible, the GFFC design experience was used to guide the AGCE system design. 

Table 2.1-1 lists the specific tasks Identified by the contract work statement 
which were accomplished during the AGCE feasibility study effort. Note that It 
was not the Intent of the feasibility study to generate detailed flight hardware 
designs but rather to accomplish sufficient analyses and preliminary designs to 
establish feasibility of the AGCE system as a Spacelab experiment. The following 
sections have grouped the tasks Into common technical areas wherever possible. 

The results of the feasibility study are summarised In Section 2.0 contained In 
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Volume !• The documentaclon generated during the courae of the atudy which 
contributed to the results are included in Section 3.0 contained in Volume II. 


Specific Tasks 
Task 

Task 1 - Survey of 
Dielectric Fluids 

Task 2 - High Voltage/ 
High Frequency Source 


Task 3 - Dust Removal 


Task 4/5 - Flow/Thermal 
Gradient Observation 


Task 6 - Thermal 

Task 7 - Control 

Task 8 - Material 
Task 9 - Configuration 

Task 10 - Cost Estimate 


Table 2.1-1 


ccomplished During the AGCE Feasibility Study 


Scope 

Performed survey to Identify suitable high dielectric 
fluids compatible with photochromlc dye materials. 

Performed study to determine feasibility of equipment 
to generate high volt««'»»s (up to 20-30 kV RMS) over 
a frequency range of t>i^ to 1000 He. 

Performed design study on the feasibility of incor- 
porating a hardware capability for programmed 
circulation and filtration of the dielectric fluid 
after system assembly. 

Performed design study to deterislne feasibility 
of using a flying spot scanner technique for 
monitoring and recording thermal gradients and fluid 
flow, l.e. thermal and flow mapping, in the 
dielectric fluid from pole to equator. 

Performed heat flow calculations and determined 
the feasibility of maintaining the desired flow 
cell sphere temperature distribution. 

Performed study to determine feasibility of data 
handling and system control compatible with 
results of Tasks 1 thru 6. 

Determined availability of suitable material for 
the outer sphere of the flow cell. 

Determined feasibility of AGCE flight configura- 
tion and assessed feasibility of flow cell inter- 
changeability. 

Using the RCA PRICE cost models, generated a cost 
estimate for designing and fabricating one AGCE 
flight system. 
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2.2 MATERIALS FOR DIELECTRIC FLUID AND EXPERIMENT SPHERE 


2.2.1 Survey of Dielectric Flulda 

The AGCE Stataent of Work (SOW) listed several characteristics which the "Ideal" 
dielectric fluid should possess. Most of the values listed were for the Dow 
Corning 200 oil used In the GFFC with the exception of the dielectric constant 
for which a factor of 20 Increase Is desired. The key parameters Identified In 
the SOW and the desired values are given below. 

1) Dielectric Constant: >40 However, any value greater than 2.2 will 

-12 

be helpful (c^ - dielectric constant of free space - 8.85 x 10 

farad/meter). 

2) Dissipation Factor: 4 x 10 ^ In the frequency range around 500 Hr. The 

heating rate should not exceed O.OOl'^C/sec. 

14 

3) Electric Volume Resistance: 1 x 10 ohm/cm. A lower value oilght be 
satisfactory to maintain the heating rate below 0.001*^0/800. 

4) Dielectric Strength: >50 volts/mll. The required value will depend on 
the sphere separation and voltage level. For the nominal values of 20 kV 
and 1 cm separation, a rating of approximately 51 volts/mll would be 
required at 1 cm. Translating this requirement to the standard rating, 
usually measured for a separation of 0.1 Inch, yields a value of 
approximately 102 volts/mll (dielectric strength Is Inversely 
proportional to square root of dielectric thickness). 

5) Viscosity: <5 centlpolse. Preferably <1 centlpolse. The upper limit was 
later fixed at 3 cp (PIR No. 1254-AGCE-009 In Section 3.1, Volume II). 

6) Coefficient of Volume Expansion: >1 x 10 ^ ^C 
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7} Transparency: Clear or alnoaC clear. In addition, the fluid must be 
coapatlble with a photochromlc dye to permit Implementation of the flow 
visualization technique. 

Since diacuaalona with experts In the field of dielectric fluids Indicated that 
Items (A) and (6) could be satisfied by a large number of fluids these areas 
were not emphasized In the survey. The requirements on dissipation factors and 
electric udume resistivity (Items 2 and 3) were combined Into a consideration 
of dissipation factor only, since It is the more accurately measutad parameter 
and includes all effects which contribute to fluid heating (Including 
reslstlvl ty). 

As the study progressed, the Importance of fluid purification on the achievable 
dissipation factor (and resulting fluid heating) became apparent and an 
additional effort was devoted to that area. Thus, the results of the survey of 
dielectric fluids are divided into three major areas: (1) fluid characteristics 
assessment, (2) fluid purification, characterization and handling, and (3) 
fluld/photochromlc compatibility aasessment. An additional output of the study 
Is a definition of areas which were beyond the present scope but require 
consideration before a hardware development program Is Initiated. 

2. 2. 1.1 Fluid Characteristics Assessment 

Three fluid characteristics critical to the successful performance of the AGCE 
are the dielectric constant, viscosity and dissipation factor. Since the 
StatesMnt of Work emphasized the need for high dielectric constants, the Initial 
study effort addressed the variation of viscosity and dissipation factor as a 
function of dielectric constant. 
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A table of aolvents for chromatography (Kodak Publication No. JJ-3) was uaad as 
the baalt for thla asaeaamant. A repreaentatlve lelaction of fluids from that 
listing is given in Table I.!-*! with values for the dielectrical constant (K), 
and the viscosity (u). The essentially random variation of viscosity as a 
function of dielectric constant is clearly Indicated in Figure 2.2-1. 

Selecting a fluid with viscosity acceptable to the AGCE should not be o problem. 
More than 80Z of the fluids in Table 2.2-1 have viscosities less thab the 
required upper limit of 3 cp and over 50Z have values below the der^i^d upper 
limit of 1 cp. Three fluids known to be compatible with photochromi < >ws (see 
below) are identified in Figure 2.2-1. 

Similar attempts to quantify the dissipation factor as a function of dielectric 
constant were unsuccessful due to a paucity of data on dissipation factors for 
fluids of high dielectric constant. Subsequent information obtained through 
discussions with personnel at the National Bureau of Standards, Monsanto, Crown- 
Zellerbach and the GE Capacitor Products Department indicated that the 
dissipation factors of high dielectric constant fluids are extremely difficult 
to measure and the values obtained are highly dependent on the fluid purity 
(hence the scarcity of tabulated data). 

In lieu of data permitting an exact quantification of the achievable fluid 
dissipation factors, a parametric analysis was performed to establish the 
interrelstionshlp between the disslpalion factor, dielectric constant and 
heating rate of the fluid and the experiment operating voltage The results are 
given in Figure 2.2-2 for the nominal AGCE design configuration of 

r^ “ 5.0 cm (outer radius of inner sphere) 

r^ ■ 6.0 cm (inner radius of outer sphere) 

f “ 300 Hz (frequency of applied voltage) 
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Tabic 2.2-1 


Rtpr aaantatlv List of Solvnf Co—only Ja«< ! in 
ChroMtography with Valuaa of Dlalactrlc Conatant and Vlacoai 


Chemical 

Dielectric 

Constant 

K 

Pentane 

1.80 

Hexanes, Reagent ACS 

1.89 

Cyclohexane, Reagent ACS 

2.02 

Cyclohexene 

2.22 

Carbon Tetrachloride, Reagent ACS 

2.24 

Benisne, Reagent ACS 

2.30 

m* Xylene 

2.37 

Toluene, Reagent ACS 

2.38 

Ethylbenzen> 

2.41 

X- Xylene 

2.57 

Propyl Ether 

3.40 

Bromoform 

4.39 

Chloroform, Reagent ACS 

4.81 

Butyl Acetate 

5.01 

Bromobenzene 

5.40 

Chlorobenzene 

5.90 

Ethyl Acetate, Reagent ACS 

6.02 

Acetic Acid, Glacial, Reagent ACS 

6.15 

Methyl Acetate 

6.68 

Aniline, Reagent ACS 

6.89 

Ethyl Formate ACS (Pract.) 

7.10 

1,1,1-Trichloroethane (Techn.) 

7.52 

Octyl Alcohol 

10.34 

m-Cresol (Pract.) 

11.80 

Pyridine, Reagent ACS 

12.30 

Benzyl Alcohol 

13.10 

Butyl Alcohol, Reagent ACS 

17.10 

Isobutyl Alcohol, Reagent ACS 

17.70 

Isoprophyl Alcohol. Reagent ACS 

18.30 

Prphyl Alcohol 

20.10 

Acetone, Reagent ACS 

20.70 

Acetaldehyde 

21.10 

m-Nitrotoluene 

23.00 

Benzonitrile, Spectro Grxde 

25.20 

o-Nitrotoluene 

27.40 

Methanol, Reagent ACS 

32.80 

Nitrobenzene, Reagent ACS 

36.10 

Acetonitrile, Reagent ACS 

37.50 

Ethylene Glycol 

37.70 

Nitromethane, Spectro Grade 

39.40 

Formic Acid, Reanent ACS 

47.90 

Formamide, Reagent ACS 

109.50 



0.240 

0.326 

1.020 

0.660 

0.969 

0.652 

0.620 

0.590 

0.691 

0.810 

0.^*8 

2.152 

0.580 

0.732 

1.196 

0.799 

0.455 

1.300 
0.381 
4.400 
0.402 
1.200 

10.600 

20.800 

0.974 

5.800 

2.948 

4.703 

2.320 

2.256 

0.316 

0.220 

2.330 

1.240 

2.370 

0.597 

2.030 

0.345 

19.900 

0.620 

1.804 

3.300 
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HEATING RATE rUsec) 


tan6 » .01 

^ -i tanfi ■ 0.001 



/IPPLIED VOLTAGE (kilovolts) 


Figure 2.2-2. Fluid Heating Rate as a lunction of Applied Voltage 
for Selected Values of Dielectric Constant (K) and 
Dissipation Factor (tan6). 
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K» shown, for an opsratlng voltage of IS kV and a fluid dlalactric constant of 
40, a dissipation factor of %0.002 is required to rsMln below the desired 
attxloiua heating rate of 0.001*^C/sec. Obtaining a high dielectric constant fluid 
of sufficient purity to achieve this low dissipation and then ■sintain the 
purity is very difficult. A suggested fluid purification procedure for the AGCE 
is discussed bel* w. 

2. 2. 1.2 Fluid Purification, Characteristics and Handling 

A procedure for evaluating fluids for use in the AGCE was outlined based on 
personal conaunicatlon with experts in the area of fluid purification and 
evaluation, and a review of pertinent published papers. These sources all 
indicated that special facilities were required to accurately aeasure electrical 
properties such as dielectric constant and dissipation factor of high dielectric 
fluids. Vfhen highly purified fluids are required it is alnost essential th. i the 
purification and characteriaation be perforsed in the aaaw laboratory. At 
present only the GE Capacitor Products Departaent appears to have this combined 
capability. The following general steps were identified as the best AGCE fluid 
purification procedure. 

1} Fluid filtration using membrane or depth type filters to remove non*- 
colloidal solid particulates (>0.1 micron). 

2) Dehydration and deaeration using a combination molecular sieve and 
vacuum treatment to remove dissolved water and gases. 

3} Final purification using an adsorbent such as fuller's earth to remove 
colloidal solids (<0.1 micron), molecules and ions. 

The specifics of Implementing each of these steps can vary depending on fluid 
characteristics such as viscosity, density and dielectric constant, and in some 
cases the procedures are proprietary. For example, although the Monsanto 
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Chemical Company and Crown-Ze Her bach have what they consider to be good 
purification procedures, neither would divulge any details of their processes. 

Candidate fluids chosen for the AGCK application must be characterised to 
establish their electrical parameters and to assess their contamination 
potential. Electrical property measurements should be made at aeveral points In 
the purification process to establish the effectiveness of each step and to 
determine the optimum purity achievable, l.e. , the point at which further 
processing is of no value. 

Assessment of contamination potential requires that the same set of fluid 
property iseasuremencs be made periodically after the purification Is completed. 
During this post purification time, the fluid must be placed In contact with 
candidate materials to be used In the AGCE fluid system and exposed to various 
light sources. The photochromlc dye must also be mixed with the purified fluid 
and its effects on the fluid properties assessed. Periodic measureoMnts must 
also be made on a control sample of the purified fluid which Is Mlntalned in a 
dark place in a non-react Ive container. These measurements will allow the 
effects of various materials to be compared with fluid degradation due to the 
normal aging process. 

A logical conclusion of the stringent fluid purification and characterisation 
procedure is that all fluid handling procedures must be minimised. The 
recommended handling procedure for storage and/'"’ transfer of the fluid from the 
purification apparatus to Che AGCE assembly will be based on the results of the 
fluid characterization (l.e., contamination susceptibility). The major 
environmental parameters which are likely to require special consideration 
during the transfer process are (1) exposure to air, (2) contact materials, and 
(3) exposure to light. 



A« previously aentlonsd, the difficulties associated with the purification and 
characterisation of high dielectric fluids has resulted in a paucity of data for 
fluids of interest to the AGCE application. Although scattered data are 
available for a few fluids, the values depend sttongly on the fluid purity and 
the neasurenent techniques, asking it difficult to establish trends. The results 
presented in Table 2.2'*2 should be interpreted as indicative of what may be 
feasible in terms of disatpaClor. factor and/or resistivity. 

2. 2. 1.3 Fluld/Photochroaic Compatibilit y 

Laboratory tests were conducted at both the General Electric Space Systems 
Division and at the Rochester Institu*:e of Technology (RIT) to wssess the 
conpatlbllity of several solvents and photochromic dyes. The detailed results 
are documented in PIR Nos. 12S4*’AGCE-02S, 032, 036, and 037 found in Section 3.1 
of Volume II, Det tied Feasibility Study. 

The response properties for relevant photochromic dye-solvent systems as 
measured by Dr. Francis of RIT are given in Table 2.2-3. The density of the 
solutions were measured at 625 nm (as the dyes tested yield solutions which are 
cyan and green in color). The density values given are to be considered to be 
only relative numbers, tor t nter -omparing the solutions only. 

With regard 'o obtaining density, there is no difficulty in dissolving either 
dye in any solvent tested thus far. (Mild heating to 80*^C for a few minutes was 
required in the case of ethylene glycol.) The dye concentrations used were 1 
mg/cc of solvent. The saturation point of dye in solvent Joes not appear to have 
been even closely approached in these solutions. Hore dye dissolved in the 
solutions will result in more density, but linear Increases with concentration 
are not expected, since dye solutions show departures from Beer's law behavior. 
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MCS 1489 (6.5) Proprietary Monsanto Company 0.05 Developed as a 

substitute for 
Aroclor fluids 
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Table 2.2-3 

Response Characteristics for Relevant Photochromic Dye- Sol vent 

Systems Measured by Dr. Francis at RIT 
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The colored fom of the dye will also absorb actinic radiation that could 
otherwise be used to activate as yet uncolored dye molecules In the solution. 
This phenomenon Is known as "Internal filtering". Increased densities are also 
expected with radiant sources of greater output at actinic wavelengths. 

Relative densities up to 1.30 have been produced with fade ^^2 up to 3,600 
seconds. In the case of the MGCN, the fade times can be adjusted to shorter 
times by small concentrations of sodium cyanide added to the solutions, a 
control not available In most photochromlc dye systems. Sodium cyanide is freely 
soluble In dlmethylsulfoxlde and 2t2-ethoxyethoxy) ethanol. It Is to be 
anticipated that this will be accompanied by some loss of density. 

The solvent 2f2-ethoxyethoxy) ethanol has been found to give the highest 
densities thus far for both BMS and MGCN dye. The dielectric constant for this 
solvent has not been found, but the results are Included as It is conceivable 
that It Is In the range of Interest since this solvent Is In the alcohol class 
of compounds. However, Its high viscosity of approximately 3.8 cp makes It 
unacceptable for AGCE applications. 

Malachite green leucocyanlde In acetonitrile requires a special note. In 
previously unpublished work by Dr. Francis, It has been noted that, in the case 
of some triarylme thane photochromlc-solvent pairs, carbon dioxide, oxygen or 
water from the air Influence reponse. One result Is the continued Increase In 
density after exposure Is terminated and very long fade times. Precipitations 
have been noted. A spontaneous switching of the solution from the colored to 
colorless state, repeating many times can also be observed. The nature of these 
complex solutions has not been completely elucidated. 

Malachite green leucocyanlde In acetonitrile represents one such case, and while 
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exposure produces significant density, the complex behavior described above 
lessens the attractiveness of this system. The solution eventually fades, and 
stirring of the solution diminishes the effect of any long-fade time density. 
The malachite green leucocyanlde-acetonltrlle system can be returned to notval 
fading behavior immediately upon termination of exposure If the acetonitrile la 
purged with nitrogen (approx. 4 minutes for 10 ml of acetonitrile). Air mist be 
scrupulously excluded subsequently. Since the AGCE will provide a closed system, 
which llllmlnates exposure of the fluids to air, the above complications may not 
be a problem In the operational system. 

This behavior Is not observed with all trlarylmethane-solvent pairs and It has 
not been observed In any case with the splropyrans. 

Limited fatigue studies have been performed by cycling solutions through expose 
and fade for as many as twenty times. Fatigue is the property of photochromic 
solutions whereby their optical properties change upon repeated cycling. The 
photochromic solution may show less density with repeated exposure; It may fade 
more slowly, or It may take on a permanent color. However, fatigue should not be 
a problem for the AGCE since only a very small percentage of the fluid Is 
activated for each measurement. Subsequent mixing of the fluid makes it unlikely 
that the same parcel of fluid will be activated several times. 

Qualitative laboratory tests were also performed at GE to assess several 
photochromic dye/fluld combinations in terms of (1) the solubility of the dye, 
(2) the response of the solution to exposure to UV light, and (3) the fade time 
of the solution. Two combinations which exhibited behavior consistent with the 
requirements of the AGCE were a splropyran photochromic dissolved In s- 
tolunltrlle and a trlarylmethane photochromic dissolved In dlmethylsulfoxlde 
(DHSO). Both solutions darkened when exposed to UV light and returned to their 
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oriflMl, oMrly tranaparant atataa vlthln a fair alnutaa. Tha coapatibllity of 
tha trlarylMthaaa/DHSO coablnatlon waa alao varlflad by Dr. Francla of tha 
lochaatar Inatltuta of Tachnology (aaa abova). 

Tranaalaalon curias for thaaa two solutlooa ara glvan In Flguraa 2.2-3 and 
2.2-5. Aa ahmm, although tha ■axinua abaorptlon raglona of tha two aolutlona 
dlffar alightly, both coablnationa ara capable of reducing tha tranaaittauca by 
up to 75X. If tha fada tlaa (t) it daflnod aa a function of tranaalttance by 
Equation (I) 

whara T and T. ara tha Initial (t>0) and final tranaalttancaa, than froa 

O r 

Flguraa 2.2-A and 2.2-6 fada tlaaa of approxiaataly 110 aac and 70 aac ara 
calculated for tha a-tolunltrlla and DMSO aolutlona, reapactlvely. Tharafora, 
both aolutlona appear acceptable froa tha atandpolnt of fada tlaa and 
tranaalttance change when activated. 

Although hardly any photochroadc coapounda ara coaaerclally available, Dr. 
Francla haa conaldarable experience In the preparation of aplropyran and 
trlarylaethana coapounda. Procadurea ara known for tha preparation of a wide 
variety of thaaa two claaaaa of coapounda and It ahould be poaalble to prepare a 
variety of thaa. In quaatltlaa aufflclant for the AGCE, without any axparlaantal 
difficulty. Tha aynthaala of tha aplropyrana generally require a nuabar of 
procedural atapa, and the preparation of apaclflc coapounda can be tlaa 
conaualng. Ona auch coapound for axa^ile required 80 houra to prepare. The 
trlarylaathanaa ara generally alaplar to obtain. 

Tha known charactarlatlca of photochroalc coapatlbla flulda which have bean 
Invaatlgatad to data are auaaarlxad In Tabla 2.2-A. 
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RELATIVE TRANSMITTANCE 


Unattenuated light source 

Empty test tube 

Test tube with m-tolunitrile/photochromic 

dye solution (unactivated) 

Test tube with ft»-tolunitrile/photochromic 

dye solution (activated); t«0 seconds 

Test tube with m-tolunitrile/photochromic 



VAVELENGTH (nonopeters) 

Relative transmittance of m-tolunitrile with a 
photochromic dye (spiropyran, TNSB) in solution. 
Transmittance curves in the activated state were 
obtained immediately after and -' 225 seconds 
after activation. 


Figure 2.2-3 
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REUTIVE TRANSMITTANCE 


Unattenuated light source 

Empty test tube 

Test tube with DMSO/photochrom1c dye 

solution (unactivated) 

Test tube with OMSO/photochromIc dye 

solution (activated); t«0 seconds 



KAVELENGTH (nanowters) 

Relative transmittance of DMSO with a photochromic 
dye (tri aryl methane, malachite green leucocyanide) 

In solution. Transmittance curves In the activated 
state were obtained Immediately after and - 200 seconds 
after activation. 


Figure 2.2-5 
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0123456789 

FAiJE TIME (minutes) 

Fade time for a solution of DMSO and a triarylmethane 
class of photochromic dye (malachite green leucocyanide) . 
Transmittance measured at '\^40 nm. 


Figure 2.2-6 
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Characteristics of Photochromic Compatible Fluids 




2. 2. 1. 4 Conclutiont and Racomcndatlons 


Identifying coapatibla photochromic dye^aolvent ayatem having the high 
dielectric conatant, low viacoaity and coefficient of volume expanaion deaired 
for the AGCE waa ahown to be very feasible* The parameter requiring additional 
quantification before a final selection can be made is the fluid dissipation 
factor, trhlch is a function of fluid purity* It is highly recoamended that the 
fluid purification and characterisation program outlined in this study be 
completed prior to, or early in the AGCE hardware development* The objective of 
this program would be to (1) determine what values of fluid dissipation factor 
are feasible, (2) assist in selection of the optimum solvent-dye system, and (3) 
establish an operational fluid purification procedure for the AGCE* Candidate 
fluids should be selected by evaluating the characteristics in Tables 2*2-3 and 
2*2-4* 

The feasibility of obtaining high dielectric constant solvents compatible with 
photcchromlc dyes was demonstrated using available splropyran and triarylme thane 
compounds. Of the several triarylme thane-solvent systems evaluated, malachite 
green lencocyanide in dlmethylsulf oxide is probably the most attractive, 
although it is one of the more difficult solvents to purify and has a relatively 
high freer ing point. The splropyran-solvent evaluation was more limited in that 
only two spiropyrans, DMS and TNSB, were available* The DMS compound was 
designed to have very short fade times (few seconds) and although this compound 
is not desirable for the AGCE application, it successfully demonstrated the 
feasibility* The TNSB compound provided fade times of approximately 100 seconds 
which is within the 1-2 minute range desired for the AGCE* Three solvents having 
high, medium and low dielectric constants which appear to offer the bast 
compromise between high density and long fade time when used with the splropyran 
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photochromlc are: 


Solvent 

Dlol<^'.trIc Constants 

m-tolunltrlle 

40.0 

cyclohexanone 

18.3 

chloroform 

4.8 


However, as stated above, the achievable fluid purity and dissipation factor 
will be a critical factor and v^ill require consideration along the dielectric 
constant in the ultimate fluid selection. 

Vfhile the solvents identified In this study are c.ommerclally available, the 
photochromlc compounds are not and will probably have to be synthesised as 
needed . 

2.2.2 Material for t he Outer Sphere 

Selection of material for the outer sphere of the AGCK apparatus (PIR No. 
1254-AGCE-020) considered the following aspects: (1) material composition, (2) 
source of material, (3) size obtainable and fabrication technique, and (4) cost 
and delivery time. Two materials, sapphire and spinel, were Initially identified 
as potentials for the outer sphere. However, spinel was quickly eliminated due 
to Its poor optical quality and Its unavailability in the large sizes desired 
for the AGCK. Emphasis was therefore placed on Items (2), (3) and (4) relative 
to sapphire only. 

Crystal Systems, Tnc. was Identified as the only producer of large sapphire 
boules of the size required for the AGCE. Presently, material to fabricate 
hemispherical shells with up to 4 cm inner radius can be provided with the optic 
axis and centerline co-llnear (to minimize the effects of birefringence), while 
shells with an Inner radius of 7.5 cm can he made with the optic axis 
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perpendicular to the centerline. Larger boulea may be available In the future 
and permit conatructlon of larger shells with co-llnear optic axis and 
centerline. However, as described In Section 2.3.S and PIR No. 1254-AGCE-*027 the 
Image shifts produced by the birefringence are completely predictable functions 
of latitude and longitude and can be removed through a calibration procedure. 
Thus, the relative orientation of the optical and centerline axes Is not 
critical as long as It Is known. 

Estimates for fabrication of the hemispherical shell were obtained from Insaco, 
Inc. and Frank Cooke, Inc. who both specialize in machining of sapphire. The 
size and optical requirements which were provided to them are given in Figure 
2.2-7 and the results obtained from them are summarised in Table 2.2-5. 
Machining of the boules Into hemispherical shells can be performed by either 
machinist, although better surface quality Is guaranteed by Frank Cooke (+1 
fringe power and 1/2 fringe Irregularity vs. +5 fringe power and 2 fringe 
Irregularity). It Is therefore recommended that an assessment of surface quality 
requirements be performed and used as the basis for selection of the machinist. 
Total procurement tlise for producing the heoiisphere (production of the boule and 
machining) may approach or exceed a year. 

An alternate option for fabricating the hemispherical shell was suggesc«.d by 
Frank Cooke. Rather than machining the shell out of a single piece of sapphire, 
a technique similar to that used In constructing a geodesic dome could be 
employed. This method would allow construction of almost any size dome but at an 
Increased cost. For example, a shell of Inner radius approximately 8 cm would 
cost approximately $100K (telecon estimate from Frank Cooke) assuming it was 
composed of segisents subtending an angle of 10°. This fabrication technique 
%rould also require a more complex calibration procedure to eliminate the effects 
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Case 

1. 

4.00 

cm 

+ 

0.01 

cm 

5.00 

cm 

+ 

0.01 

cm 

Case 

o 

c • 

6.00 

cm 

f 

0.01 

cm 

7.00 

cm 

+ 

0.01 

cm 

Case 

3. 

7.50 

cm 

+ 

0.01 

cm 

8.50 

cm 

■f 

0.01 

cm 


REQUIREMENTS: 

1. Edges and bevels to be fine grind. 

2. Materials: synthetic sapphire, optical quality. No imperfections or 

inclusions larger than .010 in dianieter permitted. Crystal axis co- 

1 inear with indicated centerline within 5®. 

3. Scratch and dig 80-50. There shall be no evidence of grayness or stain 
on optical surfaces. 

4. Surfaces of clear aperture shall be test plate fit within 1 fringe power 

and 1/2 fringe irregularity over a one inch diameter area using a standard » 
mercury source. 

5. Clear aperture: 1.0. and O.D. 


Figure 2.2-7. Hemisphere Size and Optical Requirements 
Used to Obtain Cost Estimates 


in 



Table 2.2-5 









of birefringence, since each segment would require individual consideration. 
Thus, this fabrication technique should only be considered if sphere sizes 
achievable by machining a single boule are not adequate. 

In summary, it appears feasible to obtain hemispherical sapphire shells of up to 
7.5 cm inner radius which will provide the required optical quality for the 
AGCE. Since the birefringence effects can be calibrated out and since they are 
significant for deviations as small as approximately 1 mrad between the crystal 
axis and wave normal (FIR No. 1 254-AGCE-027 ) it does not seem feasible to 
attempt to eliminate these effects through fabrication techniques. 

2.2.3 Dielectric Material for the AGCE Baffle 

In the construction of the AGCE assembly, an equatorial baffle may be required 
in the lower hemispherical section of the convection cell to prevent fluid 
circulation in that region (FIR 1254-AGCE-016) . The dielectric constant of the 
baffle material should match that of the dielectric fluid to minimize distortion 
of the electric field. 

Since fluids with dielectric constants of 40 or more may be used, the 
availability of material for the baffle which had this large a dielectric 
constant was a concern. 

A potential source of acceptable material for the baffle in the AGCE assembly is 
Trans Tech, Inc. of Gaithersburg, MD. They can provide ceramic dielectric 
material with any value of dielectric constant between 14 and 140 on request. 
They will also machine the material to customer specified configurations. Data 
sheets giving complete specifications for several compounds are given in FIR 
12S4-AGCE-019. Based on the information obtained to date, procurement of a 
dielectric baffle material to match the dielectric constant of the fluid seems 
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quite feasible. 


2.2.4 Dust Remova l 

It has been found by Dr. W. Fowlis that dust particles in the dielectric fluid 
oscillate due to the applied electric field. This oscillation can disturb the 
activated photochromlc dye markers used to assess dielectric fluid flow (within 
the spherical capacitor test cell) during an experiment. The amplitude excursion 
of the dust and consequently the disturbing effect is reduced by Increasing the 
frequency of the electric field. The amplitude of displacement decreases 
inversely as the square of the frequency. This disturbing effect is much reduced 
for frequencies above 300 Hz. A combination of a high frequency voltage source 
and filtration of the dielectric fluid should eliminate the problem. 

The high voltage power supply described in Section 2.5 has been selected to 
operate at 300 Hz to help alleviate the dust problem. The present section deals 
with the filtration of dust after assembly of the AGCB unit. 

The key design requirements related to the dust removal capability were 
generated and based on previous development experience, the Spacelab Payloads 
Accommodation Handbook SLP/2104 and an estimate of the AGCE flight design (see 
Section 3.1). These served as guidelines for the feasibility study. 

The results of the feasibility effort indicate that a dust removal capability 
can be readily accommodated. The corresponding weight and peak power required 
are 1.7 kg and 35 watts respectively. Suitable hardware elements are available 
for incorporating the capability into the AGCE. Preflight and periodic inflight 
operation of this AGCE capability is recommended. Purging the internal volume of 
the spherical capacitor assembly (AGCE cell) can be readily accomplished. The 
preferred mechanical assembly is shown In Figure 2.2-8. 
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INLET PORT 



Without Equatorial Baffle (not to scale) 




Figure 2.2-9. Filtration and Circulation Loop Block Diagram 
Figure 2.2-9 ahows the circulation loop block diagram. The dielectric fluid 

3 

volume Is estimated to be 275 cm which assumes the fluid volume does not extend 
below 10*^S latitude. 

The pump selection took Into account the coolant flow requirements of the 
thermal subsystem. A pump candidate is an assembly being used In the Shuttle 
Galley currently under development by GE for NASA-JSC. This pump is a 
magnetically coupled gear pump supplied by Micropump, Concord, CA. Use of this 

3 

pump will result In a circulation flow rate of 1420 cm /min (0.375 gpm) and a 
system operating pressure of 15 psl. At this flow rate and an estimated 

3 

dielectric fluid volume of 275 cm , a 26 volume purge can be accomplished during 
a 5 minute period. This should be more than ample to maintain the dielectric 
fluid in a dust free condition. 

A disposable depth type filter tube (Ty{>e AAQ) available from Ralston, Inc., 
Lexington, MA, appears to be suitable to maintain particulate concentrations in 
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3 

the dielectric fluid at less than 10 partlcles/ca for particles exceeding 0.5 
micron In diameter with the maximum particle slse not to exceed 1.0 micron. 

The function of the accumulator is to compensate for the change In dielectric 
fluid volume due to changes In fluid temperature occurring during the AGCE 
activity. The maximum temperature range occurs during transportation conditions 
which for the assumed accumulator design produces a variation In system 
operating pressure of a minimal j^>l psi. 

Leakage of dielectric fluid from the dust removal hardware Is not expected to b« 
a problem particularly since the suggested pump assembly Is a magnetically 
coupled type, thus eliminating a rotating pump seal. 

Materials compatibility with the dielectric fluid should not be a problem but 
must be re-evaluated against the dielectric fluid finally selected. 

Operation of the dust removal capability during AGCE final assembly, acceptance 
test, pre-launch checkout and on-orblt operations is reconssended. 


I 
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2.3 OPTICS FOR DATA RETRIEVAL 


2.3.1 Ovtrviw 

The objectives of the ACCE ere to generete tiae-sequentiel eepe of both fluid 
clrculetlon end thermal gradient over substantially a full hemisphere of 
rotating test cell that models the earth's atmosphere. 

This study has sho%m that the measurement requirements of the AGCB cen be met by 
s relatively simple Instrumert using e flylng~spot scanner. A preliminary 
design, by no means optlodced, has been shotm capable of surveying one 
hemisphere of the rotating test cell at 1*^ resolution over a 69** span of 
latitude. This scanner can observe and measure the two non-radlal components of 
thermal gradient In the test fluid with O.OI**C/cm resolution at a slgnal-to- 
nolae ratio (SNR) of at least 6. Photochromlc marker dots can be observed 
simultaneously with a SNR In the hundreds. The same detectors can also feed e 
closed circuit television (CCTV) display for the payload specialist, with a SNR 
In the hundreds. 

The preliminary optical design developed for this study has been shown through 
raytracing to exhibit outstanding Image quality and to yield e signal that Is 
linear with thermal gradient over at least two decades of dynamic range. 

This flying-spot scanner Instrument being fundamentally simple In design should 
be realisable at modest cost. Volume and weight will be small In comparison with 
the rest of the experimental apparatus. 

The study has also shown what direction to teke In further Improving the design, 
especially with respect to Increasing the latitude scan angle and the slgnal-to- 
noise ratio. 
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2.3.2 T«st Ctll Copflguf tlon and Rcqulr— nti 


In order to proceed vlch e prellainary design and perfonance evaluation, it ie 
necessary to assuae certain facta and requireaants ralating to the physical 
character of the teat cell and scanner design that eight eventually be iepoaed. 
The most important of these are provided in Table 2.3-1. The basic configuration 
for the teat cell is given in Figure 2.3-1. 


Table 2.3-1 

Test Cell Configuration and Requir«tenta for Design of Data Collection System 

Cell Fabrication Tolerances 

Radii 40.1 mm 

Surface Figure 


Scratch and Dig 


Outer Sphere 
Material 
Optical Axis 

Test Fluid 

Material 

Optical Properties 

Inner Sphere 
Material 

Optical Properties 

Cell Rotation Rate 

Scan Pattern 

Scanner Spot Size 

Scanner Optxcal Design 

Dynamic Range 

Gradient Sensitivity 

Spot Detection Sensitivity 

Mechanical Clearance Between 
Sphere and Scanner 


1 ring power 

1/2 ring irregularity over 25 nm 

diameter at 589.3 nm 

80/50 

Synthetig Sapphire 
within 5° of rotation axis 

DMSO 

Like Glass 478275 
Aluminum 

Specularly reflective like silver 

0.25 to 3.0 radlans/sec 

6*^ to 82° along meridian 

1° at sphere center 

Centered on Sodium D-llne 589.3 nm 

0.1°C/cm to l°C/cm 

0.01°C/cm 

0.2 of full illumination level 
1 mm 
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Figure 2,3-1. Assumed Basic Configuration of A6CE Test Cell 


2.3.3 Design Approach 


A direct and accu^'ate method of thermal mapping employing a flying spot scanner 
can take the form Illustrated In Figure 2.3~2. In this system the virtual Image 
of the reflective Inner surface Is projected to Infinity by a second, concentric 
mirror. This monocentric pair generated by an Offner relay can Image a target 
neiic the common center at unit magnification In a manner substantially free of 
all third order aberrations. When this target Is Illuminated by a rotating 
collimator sharing the same vertical axis, the light passing through the target 
will be brought to a sharply focussed spot on the inner reflective sphere, then 
returned to the target image. As the Illuminator rotates, the scanning spot will 
jwe..p out a thin arc of a great circle on the surface of the Inner sphere. If 
thermal gradients (manifested as refractive Index gradients) are present In the 
fluid, the light passing through the focussed spot will be significantly 
deviated in direction, but the location of the spot will be only slightly 
affected. The result Is that the direction of the rays returning to the target 
Image will be altered only very slightly, but the target Image Itself will 
translate significantly. This translation Is two-dimensional and directly 
related to the magnitude of the thermal gradient vector. Two orthogonal 
components of the Index gradient vector can be measured directly. In terms of 
image displacement, by a four quadrant detector arra:* placed at the target Image 
position (see Figure 2.3-3). Since simultaneous e^icoder readings Identify the 
surface location of the flying spot, all information needed to develop a surface 
thermal map Is available directly in electrical form, suitable for electronic 
recording or transmission. 

This Instrument has the further advantage that It cai. also perform the surface 
flow mapping at the same time It does the thermal mapping. Surface flow Is 
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Figure 2.3-2. Thernal Gradient I'leasurement Concept (unfolded^ 
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ector Configuration for Preliminary Design 



described entirely In teme of the drift In e aetrlx of photochromlc nerkere in 
the fluid. Any neene of locetlng e aerker dot In both surface coordinates and 
tine can therefore acconpllsh flow napping. The flying spot scanner Just 
deacrlbed can do exactly that. In this case one would aake use of the total 
return at the four quadrant detector, whoae oagnltude la a aeasure of surface 
albedo. A sudden drop In that total signal, detected by a differentiation 
circuit. Identifies the presence of an opaque marker dot at the locus of the 
scanner spot. If then both deflection signals and total signal derivative are 
recorded slmuxtaneously with scanner and model encoder signals, both surface 
flow and surface thermal maps will have been recorded In a form lending Itself 
to subsequent automatic processing and plotting. 

The flying spot scanner can also furnish the payload specialist with a 
substantially real-time synoptic view of the surface. The scanner sweeps an 
entire hemisphere In the form of thin iserldional sones. Each scan can be 
displayed as a single vertical line on a video display that Is scrolled sideways 
at a rate corresponding to the model rotation. The payload specialist would then 
see on the screen a slowly scrolling display of the entire hemispherical surface 
In cylindrical equal-spaced projection. This has the merit that It uses 
essentially raw signal, conditioned only enough to match the display 
electronics. If for human engineering or other reasons another type of 
projection or display is preferred, the raw signal can of course be processed 
locally to provide It. 

2.3.4 Baseline Design 

The flying-spot scanner of Figure 2.3-2 Is based on the monocentric (Offner) 
relay. The optical path has been folded away (Figure 2.3-4) from the test cell 
Itself, to avoid physical Interference. The folding mirror (or mirrors) has t - 


52 



ORIGINAL PAGE IS 
OF POOR 0"ALITY 



Figure 2.3-4. 


Folded Scanner Relay 
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eho««n to bo aoal-rofloctlvo bocauto it aoxialsos tho aeon angla and allows tho 
scanning baaa to paas through tha taat fluid alnost radially. This Is Important 
for minimising tha voluma of fluid Intarcaptad by tha scanning baaa and 
thoraforo maximising tha opatlal raaolutlon of tho Inatrumant. On tha othar 
hand, a aaml-raflactlva folding mirror will antall a subatantlal loaa of light 
and will Introduca ghoata that must ba blocked or absorbad. 

As soon In Flgura 2.3-4, tha onnocantrlc ralay la Implamantad using a solid 
glass daslgn aaoambly bacauoa It raaults In a smallar and aora atabla 
Inatrumant, Is oaslar to raallsa tha saml-raflactlve folding mirror as a burlad- 
surfaca baamspllttar, and fraanal loaaos can ba battar controllad. On tha dablt 
alda of tho ladgar. It auat ba admlttad that a solid syatam la ganarally hardar 
to maka, will raduca tha daflactlon producad by any given thermal gradient and 
will raduca the available scan angle. Its advantages outweigh Its disadvantages. 

To raallsa a solid system while allowing for notion of tha test call and the 
scanner head, a sero-power air lens has been Introduced at the two Interfaces 
where relative motion will occur: (1) batwaan tha scanner asswbly and tha test 
call, and (2) between tha scanner head and tha scanner body. Wa visualise each 
Interface as two concentric spherical surfaces oaparatad by a small air gap of 
about 1 mm. The glasses are chosen ao that tha optical power of the thin air la 
saro. 

Detectors considered for tha allowed detector configuration Include tha 
following: UPT PIN Spot/2D and Hughes HPIN lOOD, Vhl&h are both available as 
chips. Tha basic daslgn constraint la tha chip slsa to accommodate tha Image 
height at tha canter of 3.30 am and fit physically closa to each othar in a four 
quadrant arrangement. 
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Th« aolld Offnar ralay haa baan deaignad to ba achroaatlc ovar the noraal 
vlalbla apactrua. The noainal ralay dealgn haa baan baaad on the ald-iaMigo 
height (3.30 mm) and the aodlua D-llna (5893 angatroaa). Thla noainal daatgn 
raaulta In a aalactlon of glaaaaa on the baala of aodlua D-llna Index n^. 
Noraally aavaral glaaaaa will ba available with vary nearly the aaaa n^ but with 
different dlaparalva propartlaa, axpraaaad In taraa of the Abba V'^nuabar which 
can aatlafy the raquireaanta for achroaatltatlon. 

Conaldaratlona of both the lllualnatlon apot alze and the achievable acan angle 
led to aoae autual exclualve phyalcal conatralnta for the aelectad 
target/detector array. The ray envelope which a*aat be accoaaodated at the 
prlaary alrror la 10 allllaetera In dlaowter when a 1x1 aa target with Ita 
attendant action froa Index gradlenta la to be uaed. Thla envelope aa It 
traveraea the optical aaaeably will allow only a 69** acan while atlll peralttlng 
all light to reach the prlaary alrror via the folding beaaaplltter and while 
having the entire envelope clear the alrror. 

laproveaenta In the baaellne dealgn can Increaae the achievable acan angle. Such 
laproveaenta Include a acre coapact target/detector array, a larger radlua for 
the prlaary alrror, and lowering the Index of refraction for the glaas forming 
the aaln body of the relay. 

The rapid rotation rate (10,300 RPM) on the acanner head which la neceaaary to 
handle the cell rotating at Ita aaxlaua rate of 3 rad/aec aakea It lapractlcal 
to atteapt putting electrical power In or out of the head while In aotlon. The 
detector therefore can not be phyalcally aounted on the acanne. head. The 
ac?utlon uaed, aa aeen in Figure 2.3-5, la to uae Offner relaya to put laagea of 
aource and detector onto the acanner head. The acanner head Incorporatea a fully 
raflectlve burled folding alrror that will rotate theae laagea Into the aelf- 
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Figure 2.3-5. Input Relay to Scanner 



conjugate plane. There they vill function exactly as would phyalcal lourcea and 
detectora. The only part that aovet, now, la the email glaaa acanner head, which 
ahould be made aynmetrlcal for dynamic balance. 

If the aource/detector aaaembly ia fixed, as we would recommend it to be, the 
apparent orientation of thia array changes as the scanner head rotates. The 
detectors continue to record two orthogonal components of gradient, but the 
reference axes rotate over the course of the scan. This rotation of axes is 
systematic, however, and is known a priori very accurately. Since an encoder 
signal will record scan latitude, the same encoder is also recording the 
rotation of the array axes. Hence there should be no trouble in transforming 
indicated components to any axes desired, as part of the normal reduction 
process. 

The advantages of the semi-reflective folding mirror carry with them the 
presence of ghosts. These are not difficult to eliminate, however. Ghosts 
created by the folding mirror can be diverted, absorbed or blocked. The most 
important ghost is a replica of the focussed spot that appears at the ghost 
image of the inner reflective sphere. This could be eliminated very simply by 
placing the scanner head Interface at that ghost image and physically blocking 
the light with a black spot on the glass. In the present case this would make 
the scanner head larger than is desirable for dynamic reasons, so instead we 
provided a burled surface at that point which occurs in the scanner relay and 
block the ghost with a black absorbent stripe on that surface (see Figure 
2.3-4). The sero-power interface can then be placed so as to minlmlxe the sixe 
of the scanner head. 

Applying the procedures and considerations detailed above, we arrived at the 
complete preliminary scanner configuration shown in Figure 2.3-6. This 


5 / 






Instrunent proalses to be realizable at reaaonable coat, to be stable and 
reliable In use, and to yield the results desired. 

2.3.5 Performance Characteristics 

The baseline design as defined In the previous section was analyzed to ascertain 
whether the Image quality was satisfactory and whetner the sensitivities to 
thermal gradient and marker dot opacity are consistent with design goals. The 
Image quality was assessed using ray tracing computational methods. Instrumental 
sensitivity was determined by photometric analysis. 

The results of this analysis are given in Table 2.3*-2. A comparison with the 
requirements given In Table 2.3-1 Indicates a very favorable relationship to the 
designed performance goals. 

Improvements In both the achievable scan angle and SNR for thermal gradient 
while presently adequate can be enhanced for better performance margin. The 
procedures for their Improvement have been Identified and documented In Volume 
II of this report. 

One source of optical difficulty for any AGCE apparatus Is that for thersuil 
reasons the outer shell of the test cell must be made of sapphire and sapphire 
Is blref rlngent . Unpolarlzed light Incident on the sapphire shell will therefore 
be separated on entering the crystal Into two rays of orthogonal polarization: 
the ordinary ray and the extraordinary ray. Since this separation of rays In the 
crystal can lead to two separate Images at the detector, one of which nay be 
displaced from the other, it Is evident that birefringence can to this extent 
mimic thermal gradients, and must therefore be eliminated or taken Into account. 

The flying spot scanner sweeps the test cell always In thin meridional arcs. 
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Table 2.3-2 



Predicted Performance Characteristics 

_fPJl AGCE Optical Scanner 

Image 

Quality (Ray Trace Analysis) 


• 

f/50 Bundle of Rays 



e Diffraction Blur 

43 microns 


• Geometrical Image RMS Blur 

0.04 microns 

• 

f/5 Bundle of Rays 



• Diffraction Blur 

4.3 microns 


• Geometrical Image RMS Blur 

4.2 microns 

• 

Linearity in Image Shift 
(over 2 decades range for 
thermal gradient) 

1 part in 1000 

• 

Maximum Detectable Shift 

414 microns or 12.8°C/cm 

• 

Minimum Detectable Shift 

-vO.OS microns or 0.002"C/cm 

Photometric Sensitivities 


• 

System Transmission 
(Source to Detector) 

1.07% 

• 

Signal Bandwidth 

30,940 Hz 

• 

Target Illumination 
(10 watt Source) 

42 microwatts 

§ 

Signal -to-Noise Ratio: 

Full Signal on One Detector 

9827 

f 

Signal -to-Noise Ratio: 
Detection of 0.01°C/cm Shift 

6.3 

• 

Signal-to-Noise Ratio: 
Marker Spot Detection 

49 
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This fact can b« turned to advantage in elialnatlng blrefrlngant affects whan 
the optical axis of the crystal Is parallel to the axis of rotation. Since all 
scanning rays are substantially In the aarldlonal plane, they anist then lie 
In the principal plane of the crystal. If we then polarise the scanning beaa 
perpendicular to the scanning plane, lAich la technically easy to do, all rays 
will appear to the crystal as ordinary rays and blrefrlngant effects will have 
been ellalnsted. This situation was assuasd for the baseline design. 

The exact allgnaent of the optical axis with the axis of rotation can not be 
guaranteed however to closer that 5 degrees because of lialtatlons In the 
sapphire production process. The blrefrlngant effects occur Ing because of this 
nlsallgnaent were analysed. In addition, the use of a sapphire test cell with a 
radius beyond A centlaeters requires the production of the crystal with Its 
optical axis In the equatorial plane of rotation where blrefringent effects will 
be Increased. The msgnltude of these effects were analysed also. 

The conventional approach to understanding the propagation and refraction of 
light waves Is to apply Huygen's principle in Its broadest sense. This was done 
to perform both a preliminary analysis and a detailed ray tracing to Identify 
the magnitude of the blrefringent effect. The result of this analysis Indicates 
that In general an Image deflection will occur In the direction of the optical 
axis of ttie sapphire and have a magnitude of: 

• 0.32 (sin a cos a) nm 

where a Is the sngle in radians between the extrsordlnary wave normal and the 
optical axis. 

In the flying spot scanner, analysis Indicates the lower limit for sccurate 
measurement Is s deflection of 0.32 microns. An extraordinary Image will shew 
this much deflection when a Is only 0.001 radians. It appears Impossible 
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thertforc to avoid significant linage dlsplaccmanta from blrafri agent atfecta no 
■attar how the optical axis la oriented, If unpolarlaed light la used. 

However with the optical axis of the sapphire fixed relative to the axle of 
rotation, the blrefrlngent effect will be coapletely predictable as a function 
of latitude and longitude. The effect can therefore be reaoved through data 
proceaslng or possibly the use of polarised light tied to the rotation of the 
sphere. Detailed design studies in the future auat take this Into account. 
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2.4 THERMAL ANALYSIS AND DESIGN 


2.4.1 The raal Analysis 

A detailed study of localized thermal loading on £he Inner sphere was performed 
to establish the feasibility of achieving the desired thermal gradients and to 
Identify the requirements for design of the thermal control system. The study 
was accomplished by explicit modeling of the fluid motion using a 53 node 
thermal model configured as shown In Figure 2.4-1 where node divisions occur 
every 10 degrees of latitude. 

The fluid was divided Into three layers to represent the flowing fluid. 
Meridional flow only occurs In the outer layers while radial flow only occurs In 
the middle layer. Also the fluid Is restricted to flow only In the northern 
hemisphere of the model. Positive meridional flow Is In the direction of the 
pole and positive radial flow Is In the d..rectlon of the Inner sphere. By 
specifying the total mass flow rate of the circulating fluid In the convection 
cell and the percentage of radial flow at each middle layer node, various 
velocity profiles can be established. The mass flow rate at each node Is 
determined by applying the principle of conservation of mass flow. Although 
silicone oil was used as the fluid, the leading candidate fluids have properties 
sufficiently close to make the study results applicable to their use. 

Because of the relatively low velocities In the circulating fluid. It was 
assumed that heat la transferred from the fluid to the spheres' surfaces by both 
convection and conduction. All nodes are radially and la" 'rally (meridionally) 
conductlvely coupled as If the fluid was stagnant. The outer layers' convection 
coefficients were determined by analyzing the meridional flow as flow over a 
cylinder. The total couplings from the fluid to the Inner and outer spheres' 



ORIGINAL ** 

OF POOR QUALtTY 



Active 

Nodes 

Description 

P , 
(g/cnw) 

Cp 

(cal/9--^Cj 

K 

(cal/cm-sec-"C) 

u 

Lcfiil 

1 ‘ 10 

Sapphire 
Outer Sphere 

3.98 

0.10 

0.065 

N/A 

11 >40 

Silicone Oil 
Dielectric Fluid 

1.101 

0.47 

0.00025 

1.98 


Boundary 

Nodes Description 


! 


41 ^ 50 

Inner Sphere 

51 

Outer Sphere tquator 

52 

Oute’* Sphere Pole 

53 

Ambient Nitrogen Gas 


Figure 2.4-1. AGCE Flow Cell Thermal ttodel 
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surfaces are the effective couplings of conduction and convection coupllrigs In 
parallel. 

The results of the computer runs for four temperature distributions with various 
velocity profiles define the heating and/or cooling requirements at the outer 
sphere pole, outer sphere equator, and all latitudes of the Inner sphere and are 
summarised In Table ?.A**1. Examination of the results shows that the thermal 
requirements are more dependent on the velocity profile or temperature 
distribution than the velocity magnitude. The largest total inner sphere cooling 
load Is approximately 7.5 watts (when the entire Inner sphere Is held at 1S°C, 
Case IllA). This Is also when the greatest heating load is required, 
approximately 14.0 watts, because the equator must be held at 3S°C while the 
Inner sphere Is 15^C. 

Case IVA Illustrates the maximum pole heating load of 5.28 watts required when 
the pcle teiaperature Is 35'^C and the flow reversed; simultaneously 1.86 watts of 
cooling Is required at the equator. The AGCE thermal system described below Is 
Intended to accommodate these worse case thermal load conditions. 

2.4.2 Therma l System Design 

A feasible AGCE thermal system Is shown In Figure 2.4-2. The Inner sphere 
temperature Is controlled by a combination of trim heaters and a hemispherical 
heat sink (chiller dome) positioned Inside the Inner sphere, with a gap between 
the Inner sphere and the heat sink. The gap provides partial thermal Isolation 
between the heat sink and the Inner sphere. By operating the heat sink at a 
temperature somewhat lotwr than the minimum desired for the Inner sphere, the 
heat sink applies a bias cooling to the Inner sphere. This bias cooling Is 
offset as desired at each latitude by feed-back controlled trim heaters on the 
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Table 2.4-1 


Heating and Cooling Loads Sunwary 


Case* 

Total Inner 
Sphere Cooling 
(watts) 


TEM Cooling 
Outer Pole 
(watts) 

Outer Equator 
Heating 
(watts) 

lA 


4.61 



3.72 

>0.52 

lA' 


4.65 



3.72 

10.56 

IB 


3.40 



4.05 

9.58 

IC 


4.57 



3.52 

10.94 

ID 


2.54 



3.81 

8.49 

IIA 


5.88 



-1.11 

7.04 

IIIA 


7.49 



3.30 

13.90 

me 


7.41 



3.20 

13.23 

IVD 


1 .90 



-4.90 

-1.86 

IVA 


5.31 



-5.28 

-1 .86 

♦Numbers 

refer 

to temperature distributions: 




If. 

IE 

OP 

OE 



I 

15°C 

25°C 

25° 

C 35°C 



II 

15 

25 

35 

35 



III 

15 

15 

25 

35 



IV 

25 

15 

35 

25 


Letters 

refer 

to velocity profi 

les (C 

I refers to the 

stagnant flow case) . 


i 
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Figure 2.4-2. AGCE Thermal System 




inner sphere (every 10^ between S*’ and 85° latitude) • Thus the heat sink seryes 
to cool the inner sphere below the temperature desired at any latitude and the 
trim heaters provide local heating at each latitude (partially offsetting the 
heat sink bias) to achieve the desired local Inner sphere temperatures. 

Both the Inner sphere heat sink and the outer sphere equator temperatures are 
maintained by the use of thermoelectric modules (TEMs) in combination with a 
pumped coolant. Each cooling loop Is operated Independently and can supply or 
remove heat from the equator and/or Inner sphere heat sink as required. The 
outer sphere pole temperature Is controlled directly by a convection cooled TEN 
mounted at the pole location; both heating and cooling can be provided. Overall 
heat rejection Is to the Spacelab avionics airflow via a rotating heat exchanger 
(similar to that used in the GFFC system) for the turntable mounted elements and 
by a TEM/blower arrangement for rejecting heat from the pole TEH (as mil as 
heat dissipated to the Interrisl AGCE atmosphere). 

Temperature sensors are required on the inner and outer spheres to control the 
heating or cooling at the outer pole, outer equator and inner sphere. In all 
«-hree locations the thermal loading can be regulated by temperature sensor 
feedback to adjust the voltage or current to the TEMs as required. By reversing 
thv'i polarity of the voltage and current input to the TEMs, they can function In 
either the heating or cooling modes. This will be necessary when the convection 
cell circulation Is reversed (Case IV temperature profile). 

In summary, the thermal design study results show that a thermal system can be 
designed to maintain the desired flow cell temperature conditions. Although 
design feasibility has been established, further refinement is necessary for an 
optimum flight design. It is also recommended that the flow cell operating 
temperatures be Increased 5 to 10°C to provide a more efficient heat rejection 
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relationship with the Spacelab avionics air flow. 
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2.5 HIGH VOLTAGE POWER SUPPLY 


2.5.1 R«qulr— oti 

The AGCE power supply Is required to deliver s 15 kV RMS sine wsve voltsge, with 
sn saplltude sccurscy of +3Z end s waveform distortion of less than 4Z. Multiple 
settings (100-200) of the high voltage level are requl.red and should be 
controlled by the microprocessor. The Input power will be taken from the 
available Shuttle system. 

2.5.2 Design Philosophy 

The large step-up ratio (28 volts DC from the Shuttle to 15 kV for the AGCE) Is 
best handled by employing a series resonant circuit which takes advantage of the 
resonant rise In voltage. The capacitance of the sphere, with the fluid, has 

-9 

been calculated to be 1.802x10 F. Therefore the series Inductance necessary to 
resonate at the desired operating frequency of 300' Hz Is 156 henries. A 
preliminary design of this Inductor has been completed. The design Incorporates 
a tape core with a high magnetic field saturation level permitting the Inductor 
to be used on the linear portion of Its hysteresis loop which le necessary to 
achieve waveform linearity. The spacing and configuration of the Inductor wire 
has been selected to fit the available volume and to minimize the likelihood of 
Internal voltage breakdown. 

2.5.3 Circuit Description 

The conceptual clrcut Is shown In Figure 2.5-1. It consists of the following: a 
series resonant circuit, a driver stage, a voltage controlled gain amplifier, a 
voltage controlled oscillator (VCO), and feedback signals to maintain the proper 
frequency and amplitude of the voltage. 
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Th« VCO, irtilch It part of t Phttt-Lock Loop (PLL), it uttd to gtnorttt tht 300 
Hs. Itt output It ftd into a aultlpller which It uttd tt a volttgt controlled 
gain aaplifltr, the function of which It to control th wtput voltage level. 
The output of the aultlpller It then fed Into a tlgntl conditioner and onto the 
driver atage. The driver atage contalnt a aaall atep-up trantforaar whoae 
tecondary la uaed to drive the retonant circuit, k current algnal la generated 
In the primary of the tranaforaer and fed back to the Input of the PLL. Thla 
aaaurea that the circuit will be operated at reaonance at all tlaea. A tap on 
the Inductor la uaed to monitor the high voltage output. Thla algnal after 
proper conditioning la fed back to the multiplier to maintain the proper output 
level. It ahould be poaalble to obtain the 100:1 dynamic level adjuataent by 
ualng only the aultlpller aa the control device. Soae teatlng will be neceaaary 
to confirm thla. 

Information to aet the deaired voltage level can be obtained from the on-board 
mlcroproceaaor. Thla Information is fed to a dlgltal/analog (D/A) converter 
whoae output la aumaed with the error feedback algnal and preaented to the 
multiplier, %rhlch In turn regulatea the high voltage output. Up to 256 voltage 
levela are poaalble with a single 8 bit D/A converter. 

2.5.4 Physical Description 

The physical dimensions for the Inductor are 8-3/16" L x 4-3/8" W x 5-1/4" H, 
occupying 188 cubic Inches. The Inductor la estimated to weigh 3.5 kllograas. 
The associated electronic package should not exceed 4-3/8" L x 4-3/8" W x 2-1/2" 
H, occupying 48 cubic Inches and weighing about 1.0 kilograms. 

With the exception of the Inductor which aust be custom made, all the components 
for the high voltage power supply are stock Items. 
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2.6 EXPERIMENT CONTROL AND DATA HANDLING 


Th« type and quantity of data to ba ganaratad by tha AGCE playad a kay rola In 
tha aalaction of tha philoaophy for axpariaant ronttol and data handling. Tha 
AGCE data, unllka that for tha GFFC, aro in alactronic fora and baing ganaratad 
at a ralatlvaly high rata. In a trada-off atudy batwaan on-board alactronic 
vldao recording and talaowtry, taleaatry waa Judgad to ba the batter approach 
bacauae it produced a alapler, laaa coatly flight package and allowed for a aora 
direct rola on the part of the principal inveatigator (PI) during tha couraa of 
the flight. 

On-board recording not only raquirea a video recorder and interfacing circuitry 
but alao aui table dlaplaya and controla for the payload apacialiat (PS) to 
aaaeaa and control perforaance. In flight fora, thla equipaent adda 
aubatantlally to the coat of the flight ayatea and ainlalzea PI Involveaent. In 
contraat, teleaatry of experlaent data to the Payload Operation Control Center 
(POCC) peraita a ahift in rolea of the PI and PS auch that the PI directly 
aaaeaaea and Indirectly, via the PS, controla ayatea operation. Thua the 
telemetry aode doea not require on-board dlaplaya; rather theae dlaplaya realde 
in tha AGCE Ground Support Equipaent (GSE) which will be uaed in qualification 
and acceptance tea ting aa well aa for PI uae at the FOCC. Table 2.6-1 auaaariaea 
tha data handling and control philoaophy recoaaended for the AGCE. 

Figure 2.6-1 ahowa a AGCE electrical ayatea functional block dlagraa 
incorporating the above data handling and control philoaophy. The electrical 
ayataa providea for alcroprocaaaor control of tha aaveral tharavl coutrol loopa, 
two Motor apaad control loopa, control of tha high voltage power aupply, data 
acqulaltion, data foraattlng and delivery to Spacelab for teleaetering to tha 
POCC. 
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Table 2.6-1 


ACCE Data Managfent , PS/PI Involv—ent 


DATA MANAGEMENT 

• Data to POCC via HEM; no on-orblt recording 

e Llalted real tlae data available to AGCE GSE for accesalng ayaten 
perforaance and controlling the experiaent: 

Teaperaturea 
Rotation Rate 
Voltage 

Marker Dot Location 
Scenario Nuaber 

e All data recorded by POCC for poat alaaion analyaia by PI 
P^/PI INVO LVEMENT 

a PS aelecta all experiaent variablea at atart of each experimnt acenarlo 
and Inltiatea execution; experiaent variablea provided to PS in AGCE 
flight inatruaent docuaent. No S/W atored acenarioa. 

a PI aonltora experiaent acience atatua ualng AGCE GSE located at the 
POCC. PI controla duration of each acenarlo. Scenario terainated and new 
acenarlo atart via voice Inatructlon to PS froa PI. PI aay deviate froa 
planned acenarlo aequerxe or change acenarlo paraaetera by voice 
Inatructlon to PS (aa long aa planned peak power, data ratea, total teat 
tiae are not exceeded). 
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Functional Block Diagram 







Figures 2.6-2 and 2.6-3 show the on-bosrd data systaa and data acquisition 
systaa portions of tha electrical systea. Figure 2.6-4 shows the end-to-end data 
^ath. The aaxiaua data rate Is eatlaated at 518.4 K bps. Note that tiae tagging 
using Greenwich Hean Tlac of AGCE teleaetered data Is not necessary and 
therefore not provided by the AGCE. This tagging can be provided by the POCC If 
desired. Tlae tagging at the POCC ellalnates the need for an Reaote Acquisition 
Unit (RAU) and RAU adapter as part of the AGCE flight systea. 

This overall experlaent control and data handling philosophy is particularly 
well-suited to the lature of the lapleaentatlon scheae seiected for the AGCE. 
The approach not only lowers t^e cost of the flight unit but aaxlalses the use 
of the GSE and provides a high level of direct Interaction by the principal 
Investigator which Is a necessary Ingredient In the performance of a scientific 
experlaent . 
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Figure 2.6-2. On-Board Data System Block Diagram 
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Fiyure 2.6-3. AGCE D«ta Acquisition System Block Diasrem 




























2.7 APPARATUS CONFIGURATION 


The general approach employed to generate the AGCC ayatem configuration was to 
retain aa much of the GFFC aystera configuration aa poaaible and atill be 
consiatent with the new reaults generated during the course of this AGCE study. 
Configuration guidelines were also generated to assure compatibility with the 
Spacelab experiment area. 

Although the AGCE and GFFC system configurations are fundamentally similar, 
implementation of some system features is found to be significantly different. 
This is particularly true in the areas of: 

e Optics for experiment observations 
e Flow cell construction 
• Data management 
a PS/PI/POCC involvement 

However, wherever practical, the AGCE configuration is based on the 
corresponding portion of the GFFC system. For example, both systems use an air- 
to-air heac exchanger to transfer heat from t ..i rotating turntable to the 
Spacelab's avionics air flow. Their design details are similar except that the 
AGCE turntable/heat exchanger combination is somewhat larger to accommodate the 
larger AGCE fluid flow cell. 

The results of this configuration study clearly establish the feasibility of 
incorporating the AGCE into the Spacelab without any significant compromises to 
the experiment objectives and implementation schemes. 

For the purpos! of this configuration study, the AGCE system was assumed to 
provide the functions shown by Figure 2.7-1. As shown, the fluid flow cell is 
the heart of the system, simulating planetary or star conditions depending on 
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Figure 2.7-1. AGCE Functional Diagram 















th« direction of heat flow. System operation la Initiated by tae operator who 
aelects and starts the desired experiment scenario. The microcomputer then 
issues commands In the appropriate time sequence to carry out the experiment 
scenario. Periodically, or at the beginning of each experiment scenario, the 
dielectric fluid In the flow cell Is filtered to temove particulates. The 
thermal control capability establishes the desired therduil conditions on the 
Inner and outer spheres of the flow cell (as well as transporting excess heat 
from all system elements to the Spacelab avionics air). High voltage Is applied 
to the flow cell to simulate a gravitational field. The UV optics generates 
marker dots by activation of discrete areas In the dielectric fluid. The scanner 
optics generates real time data (In electronic form) for thermal and flow 
mapping of the dielectric fluid. This experiment data, and other housekeeping 
data, are formatted by the da^a handling electronics for transmission to the 
POCC via the Spacelab HRM. 

Figure 2.7-2 shows the AGCE systea Installed In a simulated Spacelab single bay 
rack. Figure 2.7-3 displays the active Interfaces with the Spacelab. The AGCE 
system can be contained within the dimensional envelope allowed by the Spacelab 
Payloads Accoousodatlon Handbook SLP/2104. The AGCE system may be Installed In 
either a single ur double bay rack. A right baud side Installation Is preferred 
If a double bay rack Is used, because the avionics air duct connections for the 
right hand side are Identical to that for a single bay rack. F'l^ure 2.7-4 shows 
the cabling diagram for the system. 

Total AGCE flight system weight as shown In Table 2.7-1 is estimated at 104.3 
kg. This estimate Includes a growth contingency factor. The AGCE Is comparable 
to the GFFC weight even though the AGCE cell Is planned to be larger than used 
In the GFFC. The flow cell dimensions were selected to conform to the maximum 
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Figure 2.7-4. A6CE System Cabling Diagram 
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not«d in th« contract work atateaant, l.e. an Innar aphert radius of 5.0 ca and 
an outer sphere Inner radius of 6.0 ca. However, the aechanlcal asaeably can 
accoaaodate a soaewhat larger flow cell, on the order of 9.0 ca outer radius for 
the outer sphere (7.5 ca Inner radius), with relatively alnor lapact. 

Table 2.7-1 

Bs tlaated AGCE Systea Weight Coapared with GFFC weight 


Systea Eleaent 

Mechanical Asseably 
Electronic Asaeably 
Ancillary Equlpaent 
Expendables 


AGCE Flight Systea 

58.9 kg 

31.7 kg 


GFFC Flight Systea* 

66.6 kg 

13.8 kg 
5.6 kg 

21.8 kg 

107.8 kg 


TOTAL 104.3 kg 

*Data froa GFFC IIA of 10/14/80 


13.7 kg 
N/R 


The details for each component of the AGCE were transferred to %rooden aodels to 
exaalne r'-^latlve placeaent and ease of access. The resulting wooden aock-up of 
the AGCF. described in Section 1.0. was found to be a useful visualization tool. 
Engineering sketches for the envelope were generated also during the course of 
the study and used to establish the physical characteristics iaportant to both 
the configuration and cost estlaatlon activities. 
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2.8 CONCLUSIONS AND RECmMENDATIONS 


The fcMlbllity study for the Ataospheric Genersl Circulation Expariaent (AGCE) 
exaainad all of the technical areas critical to the successful lapleaentatlon of 
the experlaent on Spacelab. The overall conclusion to be drawn froa the study 
results Is that the AGCE Is feasible for Spacelab with no Identifiable technical 
obstacle to block It* successful coapletlon. Furtheraore, the flexibility In the 
design paraaeters for the AGCE should be sufficient to petal t good sensitivity 
in exploring the onset of barocllnlc Instabilities for terrestrial ataosphetits. 

The technical areas receiving the s.ost attention In the study were: a) aaterlals 
for the dielectric fluid, sphere shell, fluid baffle and contaalnatlon control; 
b) optical retrieval of experlaent data; c) theraal control of experlaent 
conditions; d) production of high voltages; and e) apparatus configuration and 
coapatiblllty with Spacelab. These areas were recognised at the start of the 
prograa to be the aost probable sources for Halting the feasibility of 
performing an adequate space experlaent. 

The results generated In each area did not uncover any insuraountable iapedlisent 
to the AGCE. They did highlight however areas which aust receive special 
attention In the final design of the AGCE to Insure a successful experlaent. 
Areas requiring extra attention Include: a) purification, handling and 
aalntenance of fluid quality for fluids with dielectric constants above 5; b) 
selection of aaterlals coalng In contact with the dielectric fluid to alnlaise 
contaalnatlon; c) processing procedures for the optical data to handle the 
effects of birefringence and target/detector rotation while scanning; d) scanner 
design to optlalse the achievable slgnal-to-nolse ratios nece'^sary for good 
detection sensitivity of theraal gradients and fluid flow; and e) achlevab''e 
heat exchange efficiencies at several interfaces within the experlaent cell 
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which affect the control of theraal gradients and coapatlblllty with Mchanlcal 
Interfaces. The analysis done In the study Indicates each area can accoasK>date 
these concerns and will not Halt, Individually or collectively, the AGCE 
feasibility. 

A significant conclusion to be drawn, when the results froa the technical areas 
are considered collectively, concerns experlaent flexibility. Sufficient 
variability exists In design paraaeters such as fluid dielectric constant, 
sphere cell dlaaeter, experlaent cell gap. range of theraal control and applied 
high voltage to allow considerable flexibility in establishing the experlaent 
paraaetere. This flexlbi''lt/ can contribute significantly to adequately aapplng 
conditions controlling harocllnlc Instabilities. The flexibility Is further 
Increased by the ability of the principal Investigator to receive, evaluate and 
react in real-tiae to the AGCE results. This ability for the PI is achieved by 
the experlaent control and data handling proceJurec selected for the AGCE. 

The configuration for the AGCE fits well within a single experlaent bay rack and 
can effectively aate with the services required for Its operation. 

The cost analysis for the AGCE does Indicate a significant lapact on total cost 
as a function of the starting date for the prograa. A sdniaua cost progrsa 
therefore will require as early a start as possible. 

The recoaaendations to be sude lie principally in the reala of technical 
activities to Insure a sound design with good perforsMnce aargln. Tlie 

recoaaendations of aost significance are: 

a) It Is highly recoeaended that the fluid purification and 

characterisation prograa outlined in this study be completed early in 
the AGCE final hardware design effort; 
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b) It Is highly recomwnded that a general tolerance and sensitivity 
analysis for the systea be done to establish Halts on perforaance 
expectation and provide a basis for cost effective allocation of 
fabrication tolerances; 

c) it is recoeaended that polarisation of light in the optical scanner 
systea be given further attention for data processing to accoanodate 
birefringence and rotation affects; 

d) It is recoaaended that further investigation be given to the selection 
and verification of heat transfer properties of the material to be used 
in the gap below the sphere's inner surface; this is most significant to 
achieving the predicted thermal control capability; 

e) it is recommended that further investigation be done on the effective 
thermal conductance of the circular finned heat transfer module at the 
pole of the AGCE cell; this is most significant for configuration 
compatibility within the limited volume of the AGCE cell; 

f) it is highly rccosrsended that to minimise program cost, engineering 
design activity leading to an engineering model be initiated as early as 
possible. 
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